The YBaCo 4 O 7+ (Y-114) phase has recently attracted interests as a potential oxygen storage material due to its oxygen intake/release capability at 200 ~ 400C.
Introduction
The remarkable oxygen intake/release capability has been discovered and highlighted for a complex cobalt oxide, YBaCo 4 O 7+ (which is called "Y-114") [1, 2] .
The compound was originally reported by Valldor and Andersson in an oxygen-stoichiometric form ( = 0) [3] . The crystal structure consists of a three-dimensional network of corner-sharing CoO 4 tetrahedra, forming alternate stacking of triangular and Kagomé lattices of cobalt atoms, as illustrated in Fig. 1 . The corner-sharing framework is favorable to allow modifications in the local atomic arrangement, leading to variable oxygen content. In fact, it appeared that the Y-114 phase intakes excess oxygen of   1.0 and releases it in flowing O 2 gas as the temperature increases in a narrow range of 200 ~ 400C [1] . When excess oxygen atoms are incorporated in the crystal lattice, the formal cobalt valence accordingly increases from +2.25 ( = 0) to e.g. +2.75 ( = 1.0). In an oxygen-excess YBaCo 4 O 8 phase, a part of the CoO 4 tetrahedra transforms into CoO 6 octahedra with drastic displacements of some of the oxygen sites to allow incorporating two extra O atoms [4] . Because trivalent cobalt is energetically favorable in octahedral coordination, the oxidation of divalent cobalt accompanies the tetrahedral-to-octahedral transformation. The oxygen intake/release processes are highly reversible, being controlled by both temperature and/or oxygen partial pressure.
The remarkable oxygen intake/release capability of Y-114 has made this compound a promising candidate for a new oxygen-storage material [1, 2, 5] . The highest oxygen content,   1.5, was achieved by means of high-pressure oxygen annealing [6] . This value corresponds to the oxygen-storage capacity (= OSC; the amount of "mobile oxygen" stored in the crystal lattice) of 1,310 mol-O 2 /g or 4.2 wt%, being much larger than the theoretically expected value for a conventional oxygen-storage material, CeO 2 -ZrO 2 (so-called "CZ"; OSC = 870 mol-O 2 /g or 2.8 wt%) [7] . Materials with such large OSCs may be advantageous for various applications, e.g. three-way automotive catalyst, "oxygen scavengers" for inert-gas purifications, oxidizing agent in anaerobic processes, etc.
In terms of practical uses, however, a critical issue of Y-114 is its thermal instability at elevated temperatures: the Y-114 phase immediately starts to decompose into a mixture of BaCoO 3- and CoO (plus debris containing Y and Co) when the sample is heated at T = 700 ~ 800C in oxygen-rich atmospheres [1, 8] . The Y-114 phase is generally synthesized at T > 900C, followed by rapid cooling to room temperature.
While the compound appears thermodynamically unstable at lower temperatures, the decomposition reaction is substantially frozen below 600C, and the Y-114 phase is assumed to remain kinetically stabilized as a meta-stable phase. Hence Y-114 exhibits its unique oxygen intake/release behavior in the meta-stable state. It is highly desirable to enhance thermal stability of this material, in order to open up the possibility of high-temperature applications.
For tailoring the phase stability of Y-114, the control of chemical composition is one of the most promising routes. The Y-114 phase is indeed known to accept various kinds of cation substitutions, e.g. Ca and smaller rare earth elements (Dy, Ho, Er, Tm, Yb, and Lu) for Y [9] [10] [11] [12] [13] [14] [15] , and Fe, Zn, Al, and Ga for Co [8, 9, [16] [17] [18] [19] [20] . Among these substitutions, aluminum was suggested to be highly effective to suppress the thermal instability [16, 21] . It was found that the decomposition temperature (T d ) is boosted up to ~700C for a sample with the nominal composition of YBa(Co 0.9 Al 0.1 ) 4 O 7+ [21] . In the previous studies, however, the samples were prepared by a conventional solid-state reaction technique from powder mixture of Y 2 O 3 , BaCO 3 , Co 3 O 4 , and Al 2 O 3 , such that compositional inhomogeneity might be concerned due to poor reactivity of Al 2 O 3 .
Moreover, effects of Al-for-Co substitution on the grain morphology and microstructure of Y-114 has not been elucidated. Keeping in mind that oxygen intake/release processes involve oxygen diffusion in crystallites and redox reactions at the grain surface, the control of grain size should be of particular importance.
In the present study, a series of YBa(Co 1-x Al x ) 4 The EDTA complex solution was dried and combusted in a porcelain bowl, resulting in a porous solid residue. This solid was ground, pelletized, and then fired at 1050C in air for 20 hours, followed by rapid cooling to room temperature. The as-synthesized products were post-annealed at 500C in flowing N 2 gas for 15 hours, in order to minimize excess oxygen in the YBa(Co 1-x Al x ) 4 O 7+ phase.
Phase purity and lattice parameters were checked for the resultant products by means of X-ray powder diffraction (XRD; Rigaku Ultima IV; Cu K radiation). Crystal structure was refined for the x = 0 (Al-free) and 0.10 products using the Rietveld method with RIETAN2000 software [22] . The data were collected over the angular range of 10 -120 with a step size of 0.02 and counting times of 8.0 -10.0 s per step.
The grain morphology and microstructure were observed with a scanning electron microscope (SEM; JEOL JSM-6300F).
The thermal behaviors were investigated by means of thermogravimetry (TG; ULVAC MTS9000 and Rigaku TG8120). The measurements were carried out for specimens of ~ 30 mg in flowing O 2 up to 1000C. The heating rate was kept slow (1C/min) to anticipate that the thermal decomposition occurred closely in thermodynamic equilibrium. Moreover, isothermal TG experiments were performed at 300, 320, and 350C upon switching the atmosphere from N 2 to O 2 and vice versa to investigate the response and reversibility of the oxygen intake/release processes. The XRD data of the Al-free (x = 0) phase were successfully refined based on the structural model that is given in the previous literatures [3, 9, 24] . The important crystallographic parameters are summarized in Tables 1 and 2 . The structural features of our Al-free product are in good agreement with those in the previous literature [3] . The average Co-O distance is calculated to be 0.185 nm. This is slightly larger than the value expected for the Al-O distance (0.179 nm) [23] is severely "underbonded" with an extremely low V Ba value (= +1.23). We speculate that the atomic displacement may become significant at the Ba site, since each Ba atom resides in a large cavity as compared to its ionic size. This speculation is supported by the experimental fact that the displacement parameter B is unusually large at the Ba site (see Table 2 ).
For the Al-substituted (x = 0.1) phase, on the other hand, refinements were performed assuming the isostructure of the Al-free phase. To ascertain whether substituted Al atoms preferably occupy a specific Co site, the following three models obvious that the addition of aluminum contributes to the reduction of the particle size.
We interpret this effect to mean that the added Al contributes effectively suppresses the grain growth of Y-114. This finding is remarkable from a practical point of view, since the reduced particle size would have positive impacts on the oxygen intake/release characteristics. Al-substituted Y-114 retains its oxygen storage capability up to x = 0.10. In terms of the second hump, the onset temperature is increased from 650C to 750C in the x = 0.05 product. Furthermore, the second hump almost disappears for x = 0.10.
Thermal stability of the
To ensure the modification in thermal behaviors in the Al-substituted phase, the following experiment was carried out. Small portions of the Al-free (x = 0) and Al-substituted (x = 0.10) products were kept at 500, 600, 700, 800, and 900C for 20 hours in air, and subsequently quenched to room temperature within 1 minute. The XRD analysis on the quenched samples reveals that the Al-free samples completely decompose into BaCoO 3- and CoO (plus debris containing Y and Co) at 700 and 800C
[ Fig. 6(a) ]. As reported previously [1, 8] , the Al-free phase is thermally unstable in this temperature range, while this phase is considered to be thermodynamically stable above 900C and kinetically meta-stable below 600C. In contrast, the XRD patterns for the Al-substituted samples remain unchanged in the whole temperature range studied [ Fig.   6(b) ]. Sharp and intense diffraction peaks indicate that the Al-substituted phase retains its good crystallinity even after the heat treatment at 500 ~ 900C.
It is thus concluded that substituting only 10 at% of aluminum at the cobalt sites essentially suppresses the decomposition reaction of Y-114. The Al-substitution effect can be discussed from a structural point of view. The decomposition of Y-114 may be related to the tendency of cobalt to adopt octahedral coordination, since cobalt is in octahedral coordination in the decomposition products (such as BaCoO 3- and CoO) [20] . Suppose the Y-114 phase is kinetically stabilized at low temperatures, it tends to accept excess oxygen atoms to form octahedral coordination of trivalent cobalt, instead of the phase decomposition. The improved thermal stability of the Al-substituted phase is mainly attributed to a more stabilized lattice framework. It is likely that a stronger tetrahedral-site preference of aluminum than cobalt effectively suppresses the decomposition reaction. In fact, improved thermal stability was also reported for Zn-for-Co substituted Y-114, in which substituted zinc atoms are believed to increase the tetrahedral-site preference of cations [20] .
In the previous work [21] , small amounts of decomposition products were detected for x = 0.10 when quenched from 700 and 750C. This is in contrast to the present result in which our x = 0.10 product, prepared by the wet-chemical synthesis route, retains its phase stability in the whole temperature range studied. We interpret that the partial decomposition of the x = 0.10 product in the previous work is due to inferior chemical It is reasonable to assume that some grains decomposed at 700 and 750C due to their insufficient Al concentration to overcome the phase instability.
Oxygen intake/release characteristics of YBa(Co 1-x Al x ) 4 O 7+
To investigate the response and reversibility of the oxygen intake/release processes in YBa(Co 1-x Al x ) 4 O 7+ , isothermal TG curves were measured at 300, 320, and 350C upon switching the atmosphere between O 2 and N 2 ( Fig. 7) . At 350C, both of the Al-free (x = 0) and Al-substituted (x = 0.10) products show oxygen intake/release behaviors in a highly reversible manner. For the Al-substituted product, the maximum amount of incorporated oxygen is 1.1 wt%, being much smaller than 2.9 wt% for the Al-free product. The smaller oxygen amount is also found at 320C. These results are consistent with the TG data presented in Fig. 5 , where the sample weight of the x = 0.10 product is maximal at 300C, and then decreasing at elevated temperatures.
One may notice that the weight gain/loss at 350C tends to level off within a shorter period in the Al-substituted product than the Al-free one, indicating that the kinetics of oxygen intake/release is accelerated by Al substitution. This feature is more pronounced in TG data recorded at 300 and 320C: that is, the Al-substituted Y-114 products exhibit superior characteristics in terms of the oxygen intake/release response at lower temperatures. We attribute the improved response of oxygen intake/release to the modification in the grain microstructure upon Al substitution. The reduced particle size in the Al-substituted products, as clearly demonstrated in Fig. 4 , is most likely to contribute to the faster oxygen intake/release rates. Needless to say, better response is one of the most important aspects for practical uses.
At 300C, the maximum weight gain exceeds 3.8 wt% for the Al-substituted product, even larger than the value obtained for the Al-free product. However, the weight gain severely decreases in the repeated oxygen intake/release processes from 3.8, 3.4 to 2.9 wt% in the 1st, 2nd, and 3rd cycles, respectively. With a careful look at the TG curve, the oxygen intake rate in the 2nd/3rd cycles appears to be much slower than in the 1st cycle. Apparently, the decrease in the oxygen intake rate leads to poor cycling characteristics of the Al-substituted product at this temperature.
This feature is presumably attributed to a structural reconstruction involved by aluminum. We assume that upon oxygen intake a part of the substituted Al atoms has bound to excess oxygen to form AlO 6 octahedra. Such AlO 6 octahedra, which are locally stabilized due to stronger affinity between Al and O ions, would act as effective barriers for oxygen diffusion. In the repeated cycles the number of the AlO 6 octahedra increases, leading to the further decrease in the oxygen intake rate. A slow rate of We demonstrate that substituting only 10 at% of aluminum for cobalt in Y-114 essentially suppresses the decomposition reaction seen at 700 ~ 800C, while well retaining its remarkable oxygen intake/release capability at 200 ~ 400C. It is also revealed that the addition of aluminum effectively reduces the particle size to exhibit superior oxygen intake/release response. It is thus concluded that Al-substituted Y-114 is a potential material for various high-temperature applications based on its oxygen storage capability. Table 2 . Atomic parameters for the Al-free (x = 0) and Al-substituted (x = 0.10) phases. 
